Direct injection diesel engines have been widely used in transportation and stationary power systems because of their inherent high thermal efficiency. On the other hand, emission regulations such as NO x and particulates have become more stringent from the standpoint of preserving the environment in recent years. In this study, previous results of multiple injection strategies have been further investigated to analyze the effects of narrow fuel spray angle on optimum multiple injection schemes in a heavy duty common rail direct injection diesel engine. An advanced computational fluid dynamics simulation has been carried out on a Caterpillar 3401 diesel engine for a conventional part load condition in 1600 r/min at two exhaust gas recirculation rates. A good agreement of calculated and measured in-cylinder pressure, heat release rate and pollutant formation trends was obtained under various operating points. Three different included spray angles have been studied in comparison with the traditional spray injection angle. The results show that spray targeting is very effective for controlling the in-cylinder mixture distributions especially when it accompanied with various injection strategies. It was found that the optimum engine performance for simultaneous reduction of soot and NO x emissions was achieved with 105 included spray angle along with an optimized split injection strategy. The results show, in this case, the fuel spray impinges at the edge of the piston bowl and a counterclockwise flow motion is generated that pushes mixture toward the center of the piston bowl.
Introduction
Increasing environmental concerns and more and more stringent emission legislations have let to the necessity of considering both conventional and unconventional means for reducing soot and NO x emissions in diesel engines. It has long been recognized that diesel engine combustion quality highly depends on the mixing of fuel and air. High injection pressures and multiple injections are commonly adopted in diesel engines to achieve better mixing of the fuel and air and to enhance the breakup of the fuel droplets. The direct injection (DI) diesel engine offers better fuel consumption than a spark ignited gasoline engine of equivalent capacity. For this reason, diesel engines are widely used in heavy duty transport applications. However, diesel engines are known to produce relatively high emissions of NO x and particulates. Due to this fact, many emission standards have been imposed on diesel engine emissions. The improvement of DI diesel engines to comply with the stringent exhaust emission standards is closely linked to continued development of the injection system. [1] [2] [3] A growing trend in the diesel engines industry is towards wider use of electronically controlled common rail injection systems. [4] [5] [6] The major difference between common rail system and a standard diesel injection system is the free choice of the injection pressure and timing. In addition, modern electronically controlled common rail injection systems are capable of multiple high-pressure injections at various engine speeds. Consequently, significant advances in electronically controlled, high pressure, multiple injection fuel systems have accelerated the development of dieselfuelled combustion strategies in recent years. [7] [8] [9] A number of the DI strategies have employed early injection timings (ITs) to extend the ignition delay to a long enough period for complete fuel vaporization to occur prior to combustion. For instance, one proposed strategy uses two injections; an early injection that introduces 50% of the total fuel prepares an ignitable mixture lit off by the second injection of the remaining fuel closer to top dead center (TDC). 10 Similarly, others have demonstrated a split injection strategy where an early first pulse injected fuel 54 to 4 before TDC, with a late second pulse occurring 13 after TDC. 11 Traditional injector design is often suitable for IT close to TDC and cannot satisfactorily meet the requirement for early or late ITs. 12 Various attempts have been made to mitigate problems encountered with these injection strategies. One attempt utilizes three injectors, 13 to avoid spray-wall interaction. Another alternative uses narrow spray cone angle fuel injector nozzles (less than 100 ) to avoid spray-wall interaction at early ITs. 14 Mobasheri et al. 15 studied the effects of different split injection strategies on combustion process and pollutant formation. Their results showed that soot emissions can be reduced by split injections, and this strategy also allows the IT to be retarded to reduce NO x emission. By using an optimum injection scheme with retarded IT and early pilot injection, both soot and NO x are reduced simultaneously. The optimum separation for simultaneous reduction of soot with low NO x emissions was obtained by using 20 crank angle (CA) dwell delay between the main and post-injection pulses.
The present study builds upon the included spray cone angle concept and explores further their use in conjunction with multiple injection strategies in a heavy duty common rail DI diesel engine. For this purpose, the optimum injection strategies in the previous research 15, 16 have been developed in conjunction with the effects of injection spray angles for getting more benefits for decreasing the pollutant emissions. A wide range of parameters including the NO x and soot emissions as well as engine operating parameters including start of injection (SOI), brake-specific fuel consumption (BSFC) were highlighted simultaneously during analysis. In addition, a new modified combustion model (ECFM-3Z) has been applied to consider the combustion process. The ECFM-3Z model distinguishes between all three main regimes relevant in Diesel combustion, namely auto-ignition, premixed flame and non-premixed, i.e. diffusion combustion. Computational fluid dynamics (CFD) investigation of different included spray angles reveals that narrow spray cone angle nozzles provide an opportunity to achieve simultaneous reductions in NO x and soot, with minor penalties in fuel economy.
Computational framework
The ECFM-3Z combustion model which is based on the coherent flame model has been used for combustion modelling in this study. The ECFM-3Z (E stands for extended) model [15] [16] [17] [18] [19] distinguishes between all three main regimes relevant in Diesel combustion, namely auto-ignition, premixed flame and non-premixed, i.e. diffusion combustion. The auto-ignition pre-reactions are calculated within the premixed charge of fuel and air, with the ignition delay governed by the local temperature, pressure, fuel/air equivalence ratio and the amount of residual gas. Local auto-ignition is followed by premixed combustion in the fuel/air/residual gas mixture formed during the time period between SOI and auto-ignition onset within the ECFM-3Z modelled according to a flame propagation process. The third regime is the one of diffusion combustions where the reaction takes place in a thin zone which separates fuel and oxidizer. In the ECFM-3Z model, it is assumed that the chemical time in the reaction zone is much smaller than the time needed for the diffusion process. Therefore, the rate of reaction during diffusion combustion is determined entirely by the intermixing of fuel and oxidizer.
The other models used in this study have been widely applied in different studies and adequately described in the literature 20, 21 and are only briefly described here. The standard WAVE model, described in Reitz, 22 was used for the primary and secondary atomization modeling of the resulting droplets. In this model, the growth of an initial perturbation on a liquid surface is linked to its wave length and to other physical and dynamic parameters of the injected fuel and the domain fluid. The Dukowicz model was applied for treating the heat-up and evaporation of the droplets, which is described by Naber and Reitz. 23 This model assumes a uniform droplet temperature. In addition, the rate of droplet temperature change is determined by the heat balance, which states that the heat convection from the gas to the droplet either heats up the droplet or supplies heat for vaporization. The kÀ" approach has been used to take account of turbulent effects, while the complex oxidation process of diesel fuel has been summarized by a single step irreversible reaction. 23, 24 The mean reaction rate has been evaluated by means of the coherent flamelet model. For a diesel spray, the fuel droplets are very close to each other and are located in a region essentially made of fuel. After the evaporation of the fuel, an adequate time is needed for the mixing from the nearly pure fuel region with the ambient air. In this case, the mixing of fuel with air is modeled by initially placing the fuel into the 'pure fuel' zone of the ECFM-3Z model. 24 A transport equation for the 'unmixed fuel' is solved where the source term for the transfer of fuel from the unmixed to the mixed state can be described as follows
whereỹ F Fu is the mass fraction of unmixed fuel, M M is the mean molar mass of the gases in the mixed zone, M Fu is the molar mass of Fuel, q is mean density, q is the density of the unburned gases (the density of fresh gases that would be obtained if combustion had not occurred), and s m is the mixing time. NO x formation is modelled by the extended Zeldowich mechanism, and soot emission is modelled by the Kennedy, Hiroyasu and Magnussen mechanism. 17 
Engine operating conditions and model validation
The experimental data obtained from a single-cylinder version of a Caterpillar 3401 heavy-duty DI Diesel engine were used for model validation. 25 The specifications of the detailed engine and the fuel injection system are listed in Table 1 . The engine speed was kept constant for a part load operation at 1600 r/min. Note that in all figures and tables, 360 CA corresponds to TDC position.
A 60 sector mesh of the combustion chamber considering the fuel injector with six holes was used to calculate combustion and emission characteristics. The computational mesh was created using AVL ESE Diesel Tool. 17 The computational grid at TDC is shown in Figure 1 . Computations were performed from the intake valve close timing until the exhaust valve open timing. The ground of the bowl has been meshed with two continuous layers for a proper calculation of the heat transfer through the piston wall. The final mesh consists of a hexahedral dominated mesh. Number of cells in the mesh was about 34,725 and 79,311 at BDC and TDC, respectively. The present resolution was found to give adequately grid independent results. Figure 2 shows comparisons between the predicted and measured in-cylinder pressure and heat release rate (HRR) using the baseline included injection angle (125 ). The result is based on the assumption of uniform wall temperature 425 K for the cylinder wall, 525 K for the cylinder head and 525 K for the piston top. The present model is seen to perform well for this conventional wide angle injector. In particular, the peak pressure and ignition delay are accurately predicted, although there are discrepancies in magnitudes, as can be seen in Figure 2 . These discrepancies could be related to experimental uncertainties in input parameters to the computations such as the precise injection duration, SOI timing and gas temperature at inlet valve closing (IVC).
The predicted soot and NO x emission were also compared with the measurement, as shown in Table 2 . As can be seen in Table 2 , the predictions agree reasonably well with the measured values. The model also predicts correctly the decrease in NO x and increase in soot emission as exhaust gas recirculation (EGR) is increased.
Effects of included spray angle
In this study, three different types of included spray angles ¼ 145 , 105 , 90
ð Þwere studied to explore further their use in conjunction with various pilot and split pre-and post-TDC injection strategies. The main advantages for narrow included spray angles are the wider IT domain without cylinder liner wetting. 9 In order to make a full use of these advantages, effects of different early and post-ITs were chosen to be analyzed in this study. Figure 3 shows a schematic diagram of fuel spray angles that were studied in comparison with the baseline spray angle ¼ 125 ð Þ . Table 3 shows the injection parameters and conditions which were fixed for all injection cases. It should be stated that all results reported in this study were investigated at a constant fuel injection rate and no model constants were changed during the computations.
Effects of pilot IT with various included spray angles
A pilot IT sweep at constant injection pressure was performed to determine its effects on engine performance and emissions when different included spray angles have been applied. To study the effect of pilot IT, start of pilot (SOP) IT was swept from 30 to 15 before top dead center (BTDC). For this purpose, a split injection strategy was employed, where approximately 20% of the fuel was injected in a pilot, while the remaining fuel was injected at a fixed timing of 9 BTDC. The amount of soot and NO x emission with four types of included injection angles and different pilot ITs is shown in Figure 4 . Similarly, Figure 5 shows BSFC versus NO x curves for different included spray angles at same operating points. As shown in Figures 4 and 5 , in the case of using 105 included spray angle, the best operating points are achieved compared to the conventional injection angle ¼ 125 ð Þ . For the conventional wide 125 spray angle with advanced pilot ITs, some of the spray will miss the piston bowl. It would be expected to have a negative impact on fuel-air mixing compared to the other configurations. As illustrated in Figure 5 , approximately the same trend of overall reduction of NO x emission and increase of BSFC could be obtained in different cases. Figures 6 and 7 illustrate the HRRs for the SOP sweep with 125 and 105 included spray angles, respectively.
As SOP advances, the amount of pre-TDC combustion increases as shown in Figures 6 and 7 . It can be concluded, as SOP is retarded to 15 CA BTDC, that the ignition delay becomes shorter due to the higher ambient temperature, and results in increased amount of diffusion burn and lower peak HRRs and thus decrease in the amount of NO x emission, as shown in Figure 4 . As a result, for earlier SOP timing, a sufficient mixing time is available to achieve a large portion of premixed mixture which produces a higher amount of heat released rate. The more advanced SOP timings produce a more homogeneous, locally fuel-lean in-cylinder mixture at the time of ignition since a sufficient mixing time is available to achieve a large portion of premixed mixture. However, at the most-advanced IT, SOP ¼ 30 CA BTDC, the peak value of the HRR trace increases. As demonstrated in Figure 7 , the amount of HRR in pre-TDC combustion increases as pilot IT is advanced; this trend is similar to the observation made for the 125 included spray angle. More importantly, the first peak of HRR for the 105 included spray angle decreases and thus 105 spray angle illustrates the possible benefit of advancing fuel injection for reduction of NO x emission.
Effects of split IT with various included spray angles
The results obtained by Mobasheri et al. 15, 16 indicated the effectiveness of multiple injection strategy to reduce NO x and soot emissions. In current section, three different injection arrangements for which split injection cases with variable fuel amount for each pulse (up to 30% for the second pulse) and all with 20 CA separations have been studied to explore the effects of different split injection cases accompanied with various included injection angles. Figures 8 and 9 show the amount of soot and NO x emissions for different multiple injection cases for EGR levels of 0% and 10%, respectively. The labeling scheme for the multiple injection cases gives the percent of the fuel injected in the first and last pulses, and the dwell between two injections. For instance, 70 (20) 30 represents 70% fuel injected in the first injection pulse and 20 CA degree dwell between pulses, 30% fuel is injected in the second pulse.
From Figures 8 and 9 , it can be summarized that the optimum engine performance for simultaneous reduction of soot and NO x emissions is achieved with 105 included spray angle. As illustrated in Figures 8 and 9 , the wide included spray angle (145 ) shows the highest amount of NO x emission, while the conventional included spray angle (125 ) show some slightly lower of NO x emission. The narrowest angle of 90 shows low NO x over the whole injection strategies, while the amount of soot emission is remarkably increased compared to the other configurations. Figures 10 and 11 show BSFC versus NO x curves at 0% and 10% of EGR using different multiple injection strategies and various included spray angles.
It can be seen from Figures 10 and 11 that the amount of injected fuel in main and post-injection pulses strongly affects the timing and magnitude of BSFC for different included spray angle configurations. As identified previously, the 105 included spray angle offers more advantages to reduce the amount of NO x emission since it allows improved spray targeting into the piston bowl at early timings; however, the BSFC levels are slightly increased in this case compared to the conventional included spray angle (125 ). Figure 12 shows the accumulated heat release for different included spray angles using the 90(20)10 injection strategy. As illustrated in Figure 12 , for all the included spray angles using an optimum split injection Figure 8 . NO x vs. soot trade-off for different multiple injection cases and various included spray angles, EGR ¼ 0%. Figure 9 . NO x vs. soot trade-off for different multiple injection cases and various included spray angles, EGR ¼ 10%.
strategy, 90(20)10 caused that amount of injected fuel in each pulse and the delay between main and postinjection strongly affected the timing and magnitude of the second peak in accumulated heat release traces. It can be concluded that in case of using split injection, the main combustion event has a short autoignition delay due to the high in-cylinder temperature produced by pre-TDC injection pulse. As shown in Figure 12 , in case of using 105 included spray angle the rate of heat released is higher than other cases. It can be concluded that in this case the conditions for a better mixture formation is provided because the spray is impinging close to the piston bowl. A higher level of accumulated heat release indicates a higher global temperature which helps to oxidize the soot in the late combustion stage. However, further decrease of the included angle leads to a reduction of accumulated heat release level, bringing an extra fuel consumption penalty, as described in Figures 10 and 11 . Figure 13 shows distributions of equivalence ratio for conventional included spray angle (125 ) in comparison with the 105 included angle for the optimum injection strategy, i.e. 90(20)10 at 370, 380 CA.
The results showed in Figure 13 confirm that spray targeting is very effective for controlling the in-cylinder mixture distributions especially when it accompanied with a split injection strategies. As illustrated in Figure 13 , narrow injection angle (105 included spray angle) offers more efficient air-mixing process due to better interaction with the combustion chamber and cylinder liner. Figure 14 shows the NO x emission contours for conventional included spray angle (125 ) in comparison with the 105 included angle for the optimum injection strategy, i.e. 90(20)10 at 370, 380 and 390 CA.
As shown in Figure 14 , for 105 included spray angle, the fuel spray impinges at the edge of the piston bowl and a counterclockwise flow motion is generated that pushes the mixture toward the center of the piston bowl along the piston bowl surface. As can be seen in Figure 14 , the most important observation for 125 included spray angle is the spray wall impingement due to the wider included spray angle which caused a fuel deposition on the wall. This fuel deposition forms a higher fuel film on the wall surface.
The soot distribution for conventional included spray angle (125 ) in comparison with the 105 included angle for the optimum injection strategy, i.e. 90(20)10 at 370, 380 and 390 CA is shown in Figure 15 .
The local soot-NO x trade-off is evident in Figures 14  and 15 , as the NO x formation and soot formation occur on opposite sides of the high temperature region. It can be seen that for the 105 included spray angle case, NO x Figure 11 . BSFC vs. soot trade-off for different multiple injection cases and various included spray angles, EGR ¼ 10%. BSFC: brake-specific fuel consumption. and soot mass fractions are lower in comparison with the conventional spray angle. The second fuel injection explains this discrepancy. The second pulse injected fuel enters into a relatively lean and high temperature region which is remained from the combustion of the first pulse. Soot formation is therefore significantly reduced because the injected fuel is rapidly consumed by combustion before a rich soot region can accumulate.
As illustrated in Figure 15 , the 125 included spray angle experiences higher wall interaction compared to 105 included spray angle at different position CA. This observation suggests that the 125 included spray angle produces more soot emission.
Incomplete combustion products such as CO could result from either fuel lean or fuel-rich conditions due to insufficient gas temperature to sustain combustion. To illustrate the source of CO emissions, Figure 16 shows the predicted distributions of CO emission at 370, 380 and 390 CA.
It can be seen that CO emission resides in the same region as the soot and is due to the incomplete combustion of the fuel-rich mixture where the oxidizer is lacking. Because of fuel impingement and fuel film deposition for the 125 included spray angle, a quite rich region is formed in the near wall region due to less availability of air for mixing. The rich air-fuel mixtures result in CO formation in the near wall region.
Conclusion
The goal of this study was to determine the influence of the different included spray angles on the emissions and combustion efficiency. The model was firstly calibrated against experimental data on a common rail DI Diesel engine. In this study, three different types of included spray angles ¼ 145 , 105 , 90 ð Þ were studied in comparison with the conventional spray injection angle ¼ 125 ð Þ . The main findings can be summarized as follows:
. The computed in-cylinder pressure, HRR and amount of soot and NO x emissions were compared with measured data and good agreement between the predicted and experimental values was ensured the accuracy of the numerical predictions collected with the present work. . As SOP advances, a sufficient mixing time is available to achieve a large portion of premixed mixture, which produces the higher amount of heat released rate. The more advanced SOP timings produce a more homogeneous, locally fuel-lean in-cylinder mixture at the time of ignition. In spite of this advantage, both NO x and soot levels exceed development goals, thus suggesting that a narrower cone angle is required. . The results showed that the included spray angle can be an important factor influencing the HRR. Compared with the conventional included spray angle, 105 angle offers more flexibility for simultaneous reduction of NO x and soot emission since it allows improved spray targeting into the piston. . In the cases of narrower injection angle, it was found that the fuel spray impinges at the edge of the piston bowl and a counterclockwise flow motion is generated that pushes mixture toward the center of the piston bowl along the piston bowl surface.
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